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Abstract 
We explore the magnetic flux penetration in single crystals of the 122-type iron-based superconductors after remagnetization using 
magneto-optical imaging. We find evidence for turbulence at the boundary between vortices and antivortices. The turbulenceis 
characterized by increased fingering of the flux front.Moreover, steps in local magnetic induction are observed at the flux boundary.  
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1. Introduction 
Magnetic flux penetration in type-II superconductors has been widely studied using magneto-optical (MO) imaging 
[1].The expected Bean critical state has been observed in the vast majority of samples. However some superconductors 
exhibit flux penetration patterns that are vastly different from the critical state. Prominent examples of these are the 
development of flux turbulence and dendritic avalanches [1]. Dendritic avalanches have been observed in thin films of 
many superconductors and are broadly understood within the framework of a thermomagnetic instability in the vortex 
state [2,3]. On the other hand, flux turbulence has been observed only in single crystals of the 123-type high 
temperature cuprate superconductors (HTC) upon remagnetization [4-9]. The turbulence manifests as a fingering 
instability at the flux-antiflux boundary. The mechanism that causes turbulence is attributed to underlying crystal 
anisotropy and/or thermal effects arising from flux-antiflux annihilation [8,10]. 
Experimentally the turbulence is observed in crystals with different critical current densities and moderate 
anisotropy [5]. Also, the turbulence is limited to specific temperature windows [4,5]. It has been suggested that flux 
turbulence may be present in all remagnetized type-II superconductors [9]. Motivated by this, we investigate here the 
effect of remagnetization in the vortex state of the 122-type iron based superconductors (IBS) using MO imaging. Our 
studies are also motivated by many similarities in the bulk vortex-state properties of the 122-type IBS with 123-type 
HTC [11]. Towards this objective we study two different superconductors derived from the same parent compound 
BaFe2As2: electron-doped Ba(Fe1-xCox)2As2 and isovalent-doped Ba(Fe1-xRux)2As2. 
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2. Experiments 
Single crystals of optimally-doped Ba(Fe0.925Co0.075)2As2 and under-doped Ba(Fe0.725Ru0.275)2As2 were made using a 
self-flux method [12-14].The starting materials were placed in an alumina crucible and heated to 1150oC after sealing 
in quartz tubes under vacuum. Subsequently they were cooled slowly (1.5 oC/hr) to 800oC, following which the 
furnace was switched off to allow rapid cooling to room temperature. Shiny single crystals were separated from the 
flux by mechanical fracture. The extracted single crystals were magnetically characterized using a SQUID 
magnetometer (Quantum Design). The critical temperatures Tc and critical current densities Jc (extracted from 
magnetization hysteresis loops) of the crystal batches are given in Table 1. The MO imaging was performed in a flow-
type helium cryostat (Oxford). The crystals were glued to a copper sample holder and a Bi-doped garnet film placed 
above the sample actsas an indicator to observe Faraday rotation. The magnetic field was applied perpendicular to the 
ab plane of the crystals. There magnetization was performed using the following protocol: The sample was field-
cooled in -300 Oe from above Tc to the measurement temperature. After waiting for temperature stability, the polarity 
of the external field was switched to positive. Subsequently a sequence of 10 MO images was captured with a CCD 
exposure time of 50 ms. 
Table 1. Sample specifications 
Sample Ba(Fe0.925Co0.075)2As2 Ba(Fe0.725Ru0.275)2As2 
Tc(K) 24 18 
Jc(105 A/cm2) ~8 ~4 
Dimensions (Pm3) ~530×460×30 ~560×250×32 
Anisotropy ~3 ~2 
3. Results and discussion 
Figures 1 (a)-(c) show MO images captured at 20 K (T/Tc = 0.83) in Ba(Fe0.925Co0.075)2As2 after remagnetization to 
100, 150, and 200 Oe, respectively. Here dark and brightregions refer to positive and negative values ofthe axial 
magnetic induction Bz arising from the remagnetized and virgin fields, respectively, and the boundary between themis 
the remagnetization flux front. The sample edges can be identified bythe bright outlineformed by concentration of the 
expelled flux. At these elevated temperatures the reversed flux has already progressed well away from the edges at 100 
Oe (Fig 1(a)). The striking observation is the undulating nature of the remagnetization flux front with vastly different 
nature of fingering at different edges. Moreover, the front patterns have weak resemblance to the virgin magnetization 
patterns. With increasing reversed fields (Fig 1(b)-(c)) the remagnetization flux front moves deeper into the sample 
with some flux fingers penetrating faster than others.At higher fields the fronts become smoother before they finally 
collapse at the sample center. We believe these observations constitute the main features of the flux turbulence 
exhibited in this crystal. The turbulent features in the flux front propagation are observed down to the lowest measured 
temperature 5 K (T/Tc = 0.21). 
 
Fig. 1. MO images after remagnetization in Ba(Fe0.925Co0.075)2As2 crystal at 20 K with reversed field of (a) 100 Oe; (b) 150 Oe; and (c) 200 Oe. 
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Fig. 2. MO images after remagnetization in Ba(Fe0.725Ru0.275)2As2 crystal at 7 K with reversed field of (a) 50 Oe; (b) 100 Oe; and (c) 150 Oe. 
Figures 2 (a)-(c) show remagnetization MO images 7 K (T/Tc = 0.39) in isovalent-doped Ba(Fe0.725Ru0.275)2As2 with 
reversed fields of 50, 100, and 150Oe, respectively. The premature flux penetration close to the bottom of the left-edge 
is due to a weak pinning region relative to the rest of the sample. In this sample the effects of flux remagnetization are 
not as prominent as in Ba(Fe0.925Co0.075)2As2. While the skeleton of the reversed front patterns resemblethat of virgin 
magnetization patterns, the effect of turbulence can be identified from the enhanced nature of flux fingering. In 
contrast to the observations in Ba(Fe0.925Co0.075)2As2, at higher fields the fronts sustain the finger-like patterns. The 
temperature window of the turbulent features in the flux front propagation stretches from 5 K (T/Tc = 0.28) to 10 K 
(T/Tc = 0.56) which is a considerably narrow range than in Ba(Fe0.925Co0.075)2As2. 
More insight into the nature of turbulence is obtained by analyzing the local magnetic induction profiles. Via 
calibration, the intensity values in an MO image can be converted to the axial component Bz of the magnetic induction 
of the sample. Figures 3 (a) and (b) show the Bz profiles in crystals of Ba(Fe0.925Co0.075)2As2 and Ba(Fe0.725Ru0.275)2As2, 
respectively, across the dashed lines in Figs 1(b) and 2(b). The profiles are obtained from the top sample edge (x = 0) 
to the sample center. The negative Bz values at the sample interior correspond to the initial flux due to field cooling 
procedure (-300 Oe). Near the edges the positive fields correspond to the reversed flux entering the sample. At the 
boundary between flux and antiflux (Bz = 0) steps in magnetic induction are clearly observed in both samples. In 
Ba(Fe0.925Co0.075)2As2 the steps are sharp and are associated with hump-like features on either ends. In comparison, the 
Ba(Fe0.725Ru0.275)2As2 crystal has more smooth features. Such induction steps at the flux boundary have been observed 
earlier in single crystals of YBa2Cu3O that exhibit turbulence. The steps arise from the concentration of excess 
currents at the flux front that sustain closed vortex loops. These vortex entities are called “Meissner holes” due to the 
presence ofsurface-like screening currents at the flux boundary. 
Considering that anisotropy appears to be an important ingredient for an explanation of turbulence [8], the fact that 
the anisotropy in our samples (cf. Table 1) is half of the 123-type HTC has important implications. Also, our results 
point to sample-specific temperature windows for the observation of the flux turbulence which agrees well with earlier 
observations [4,5].Taken together these observations reinforce that the physical mechanism that causes turbulence has 
contributions from both crystal anisotropy and thermal effects. 
 
Fig. 3. Magnetic induction profiles after remagnetization in (a) Ba(Fe0.925Ru0.075)2As2 crystal at 20 K; and (b) Ba(Fe0.725Ru0.275)2As2 crystal at 7 K. 
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Our observations of the flux turbulence in single crystals of two different 122-type IBS clearly demonstrate that the 
turbulent flux dynamics at the remagnetized flux boundary is not limited to the 123-type HTC. 
Conclusion 
We have investigated the nature of flux penetration in single crystals of doped Ba(Fe0.925Co0.075)2As2 and under-
doped Ba(Fe0.725Ru0.275)2As2 after remagnetization. The boundary between vortices and anti-vortices exhibit increased 
undulations and fingering. Accompanying this turbulent feature steps in local magnetic induction are also observed. 
Our results demonstrate that flux turbulence is also observed in low-anisotropy materials and is not confined to the 
123-type HTC. 
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